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SUMMARY

- The overall objective of the project was to design economical and infor-

mative testing of subacute and chronic toxicity of new volatile substances.

The specific objectives were: 1) to prepare a mathematical model for simu-

lation of uptake, distribution, and elimination of vapors with capacity-limited

clearance; 2) to obtain experimental data supporting the model;3) to study the

factors affecting nonlinearity of clearance (concentration dependence, interfer-

ence of inhalation of other vapors).

*The main accomplishments are: ' ) A program for mathematical solution of a

multi-compartmental model for simulation of uptake, distribution, and elimination

*J of vapors having a capacity limited elimination pathway was prepared for the

Apple II Plus computer and tested by simulating a variety of trichloroethylene

and halothane exposures. 12) Three methods for determination of metabolic clear-

ance were tested: (a) systemic clearance was determined from the concentration

differences in inhaled air and arterial blood; 'b) intrinsic clearance in organs

was determined from distribution of inhaled chemicals in the body during steady

state;(c) intrinsic clearance by each metabolic pathway was determined from

distribution and elimination of metabolites. i3) The retention of vapors of water

soluble chemicals in trachea was determined and the significance of retention of

chemicals in respiratory airways is discussed. ,

Non-linear dependence of tissue concentrations of chemicals and their metabo-

lites on exposure concentrations has to be considered if the exposure is evaluated

-K by biological monitoring or if toxicity of small exposure concentrations is ex-

-, trapolated from data obtained at high exposure concentrations or after a large

dose of chemicals. The simulation model developed under this contract provides

information on bioavailability of chemicals inhaled under a different exposure

regime and can be used as a tool to improve the extrapolation.

t.-
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INTRODUCTION

The overall objective of the project was to design economical and infor-

mative testing of subacute and chronic toxicity of new volatile substances.

The specific objectives were: 1) to prepare a mathematical model for simu-

lation of uptake, distribution, and elimination of vapors with capacity-

limited clearance; 2) to obtain experimental data eupporting the model; 3) to

study the factors affecting nonlinearity of clearance (concentration depen-

dence, interference of inhalation of other vapors). The project was planned

for two years.

This report describes research conducted in our laboratory from June 30,

1981 thru August 31, 1983.

THE MAIN ACCOMPLISHMENTS OF THE RESEARCH ARE:

1. A program for mathematical solution of a multi-compartmental model for

simulation of uptake, distribution, and elimination of vapors havinq a capacity

limited elimination pathway was prepared for the Apple II Plus computer and

tested by simulating a variety of trichloroethylene and halothane exposures.

The model accommodates up to 7 compartments, with optional linear elimination

in each compartment and an additional non-linear elimination in one compartment.

2. We developed a method for determining intrinsic organ clearance in

small animals, based on the assumption that during steady state, concentrations

in non-excretory organs are equilibrated with arterial blood, and the concen-

tration in regional venous blood is equilibrated with the concentration in the

appropriate excretory organ. Intrinsic clearance is then calculated from the

mass balance across the organ. This method was used to determine concentrat-

ion dependence of metabolic clearance of trichloroethylene.

3. We showed that in rats exposed to subanesthetic concentrations of
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halothane, halothane metabolism is a cepacity limited process. We determined

the kinetic constants Km and Vma x for each metabolic pathway from metabolites

distribution and elimination, and used the simulation model to show that at

small exposure concentrations, halothane metabolism is flow limited and oxi-

dation is the major metabolic pathway. At high exposure concentration, halo-

thane metabolism is capacity limited, the oxidative pathway being saturated

first.

4. We showed competitive inhibition between metabolism of two vapors

administrated simultaneously. Halothane oxidation is inhibited by coexposure

to methylene chloride, trichloroethylene, and isoflurane, but is not affected

by coexposure to nitrous oxide. The inhibitory effect was not observed if ex-

posure to the other vapor preceded exposure to halothane.

5. Using rabbit tracheas, we showed that only vapors of water soluble sub-

stances are retained on the walls of respiratory airways during inspiration and

that the vapors desorbed during expiration. Because of this, pulmonary uptake

measured from the difference in concentrations of inhaled and exhaled air does

not represent systemic uptake, and concentrations measured in end exhaled air

do not represent alveolar concentrations, thus explaining why experimental data

differ from data predicted for water soluble vapors.

REPORTS AND PUBLICATIONS

(Under professional name of P.I. - Fiserova-Bergerova)

An exhaustive interim research report was submitted to AFOSR in June, 1983.

The study of uptake of chemicals in respiratory airways was published in the

4th chapter of "Modeling of Inhalation Exposure to Vapors: Uptake, Distribution,

and Elimination: Editor, Vera Fiserova-Bergerova, CRC Press, 1983, Vol. I.

During the two years of the research project, the following papers were

:I,.
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published, are in press or are submitted for publication. They all acknowledge

AFOSR financial support.

Published papers:

1. Modeling of Inhalation Exposure to Vapors: Uptake, Distribution, and

Elimination, published in two volumes; CRC Press, Boca Raton, Fl., 1983.

The principal investigator is the editor and major contributor. One copy

of the manuscript of each chapter authored by the principal investigator

and of the chapter authored by Dr. J. Vlach were submitted to AFOSR in

June, 1982. These chapters include data generated by AFOSR.

2. V. Fiserova-Bergerova: Modeling of Uptake and Clearance of Inhaled

Vapors and Gases, Springer-Verlag, Berlin and Heidelberg, Germany, 1981.

Reprints were submitted to AFOSR with interim research report in June, 1982.

3. J. Vlach, V. Fiserova-Bergerova: Electric Networks in the Simulation

of Uptake, Distribution and Metabolism of Inhaled Vapors, Proceedings of

the Sixth European Conference on Circuit Theory and Design, Stuttgart,

Germany, 1983 (16 copies,Appendix 1).

4. V. Fiserova-Bergerova: Simulation Model for Concentration Dependent

Metabolic Clearance of Halothane, Abstract, Anesthesiology 59, A223, 1983

(16 copies, Appendix 2).

5. V. Fiserova-Bergerova: Isoflurane as An Inhibitor of Halothane

Metabolism, Abstract, Anesthesiology, 59, A253, 1983 (16 copies Appendix, 3).

In Press:

1. V. Fiserova-Bergerova, R.W. Kawiecki: Effects of Exposure Concentrat-

ions on Distribution of Halothane Metabolites in the Body, Drug Metabolism

and Disposition (16 copies of manuscript, Appendix 4).

2. V. Fiserova-Bergerova, R.W. Kawiecki: Distribution of Halothane

Metabolites in the Body, Abstract, Proceedings from the 1st meeting of the
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International Society for the Study of Xenobiotics, West Palm Beach, Fl.,

November, 1983 (16 copies of manuscript, Appendix 5).

Submitted for publication:

1. V. Fiserova-Bergerova: Inhibitory Effect of Isoflurane upon Halothane

Metabolism, Anesthesia and Analgesia (16 copies of manuscript, Appendix 6).

DETAILED SCIENTIFIC REPORT

A detailed scientific report for the first year of the project was sub-

mitted to the AFOSR in June, 1982. It covers achievement items 1, 2 and 5.

%J This report covers only the work done in the second year of the project. Since

we were notified that this is definitely the last year AFOSR will support the

project, our effort concentrated on finishing the studies and preparing the

studies for publication.

The study of capacity limited metabolism of halothane in rats was com-

pleted and the data were used to prepare the simulation model which accounts

for limited capacity of each metabolic pathway of halothane. The results of

the study were prepared for publication and the manuscript is in Appendix 4.

The data will also be. presented at the 1st ISSX meeting in November, 1983 in

West Palm Beach (Appendix 5). After testing the simulation model on animal

data, the clearances were adjusted for man using the power equation, and the

human exposures were simulated. Good agreement between simulation and ex-

perimental data was reported at the ASA meeting in Atlanta in October, 1983

• .(Appendix 2). The publication of the model (interim report 1982) remains to

be prepared.

The study of competitive inhibition of metabolism during coexposure to

two vapors was further pursued. The study of the effect of isoflurane and

nitrous oxide on halothane metabolism was prepared for publication (Appendix 6)

_ • °° ... .... ...° ° ,-. .. ... ,. ... ,* , • * ° % . . *%* °-. .. .° ,o •,. . .-. ,,-°...' ..-. . ,. ,--...-,
...- *? .;- ? ? f .,*,. * , . ,c: -o *S * " . ". " . S" -... . . . . . . . . . . . . . . . . . . . . . ..- , - . . ' ." , . " . S- -_
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and was presented at the ASA meeting in October, 1983 (Appendix 3). Vapors of

methylene chloride and trichloroethylene had an effect similar to isoflurane.

These studies were finished and will be prepared for publication next year.

Additional support was obtained from Ohio Medical Products Co. to evaluate the

persistency of the inhibitory effect of isoflurane. This study, in which rats

were anesthetized for 2 hours with isoflurane and submitted to one tenth of anes-

thetic concentrations of halothane for 2 hrs either during anesthesia or 0.5 hrs.,

4 hrs. or 24 hrs. after anesthisia, is almost completed. The study shows that

the reduced concentrations of trifluoroacetic acid were observed only if halo-

thane was inhaled during isoflurane anesthesia. It is concluded that the in-

hibitory effect is reversible and vanishes as soon as the concentrations of

isoflurane in lean tissues are reduced below concentrations of halothane.

GENERAL DISCUSSION

The need for a simulation model with concentration dependent metabolic

clearance was apparent from experimental studies in which the metabolized

fraction of pulmonary uptake(T.D. Landry et al., Application of Pharmacokinetic

Principles to Problems in Inhalation Toxicology in Modeling of Inhalation Ex-

posure to Vapors: Uptake, Distribution, and Elimination, ed. V. Fiserova-

Bergerova, Vol. II, Chap. 2) and the metabolite ratio (Work Environn. Hlth.,

9, 76, 1972; Anesthesiology, 32, 119, 1970) were dependent on exposure concen-

tration. We prepared such a model for a home computer (Apple II Plus) and

applied it successfully to exposures to trichloroethylene and halothane. The

simulations show that, unless the mechanism of the metabolic clearance is known,

it is inappropriate to extrapolate the bioavailability and elimination of vapors

during and following exposures to small concentrations from bioavailability and

elimination during and following exposures to large concentrations (and vice

~~~~~~~~~~~~~~~~~~~.. ........ ...... .. ......-..--.-.. "...".-.......'.:.'...--"-...
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versa). Determination of metabolic clearance in vivo is not easy to do, and

no standard procedures were proposed. In our previous studies (AMRL-RT-75-5)

we suggested that systemic clearance can be determined from the rate of pul-

monary uptake at steady state. Further testing of this method shows that the

method is not feasible for highly soluble chemicals in which steady-state is

not established for many hours. Estimation of systemic clearance from the

concentration gradient between inspired concentration and arterial blood was

also suggested (Modeling of Inhalation Exposure to Vapors: Uptake, Distribution,

and Elimination, Ed. V Fiserova-Bergerova, Vol. I Chap. 5 and Vol. II Chap. 3).

The application of this method is even more restricted than the application of

the uptake method. It is suitable only if the metabolism at steady state is

flow limited; only chemicals with blood-gas partition coefficients between 2

and 10 meet such conditions. In the interim report (June, 1982) we described

determination of intrinsic organ clearance from concentration difference

between organs with and without clearance. This method was successfully

applied to trichloroethylene and halothane (Modeling of Inhalation Exposure to

Vapors: Uptake, Distribution, and Elimination, ed. V. Fiserova-Bergerova,

Vol. I, Chap. 5). We concluded, however, that systemic clearance is not a
A.

suitable descriptor of elimination if the chemical is eliminated by more than

one saturable pathway with a different Km and Vmax . We draw this conclusion

from the data described in Appendix 4. In the same paper we propose the deter-

mination of kinetic constants from distribution of metabolites in tissues after

a certain exposure period. The fine agreement between experimental data and

simulation data extrapolated for man from animal data is very encouraging

(Appendix 2), however, more work is needed before a suitable standard procedure

for determination of metabolic clearance in vivo is established.

Saturable metabolism and the interaction between simultaneously inhaled
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vapors and gases draws more and more attention. We chose to study the effect

of coexposure to chemicals on halothane metabolism, since halothane is metabo-

lized to trifluoroacetic acid by oxidation and to trifluoromonochloroethane

and difluoromonochloroethylene by reduction. Both metabolic pathways are

mediated by cytochrom P-450. Km and Vmax show that halothane is most suscept-

- ible to oxidation, but this pathway is saturated at a relatively small exposure

concentration. We chose for interaction studies concentration of 0 - "% of

halothane, which is the concentration at which the oxidative pathwE is half

saturated. Coexposure to methylene chloride, trichloroethylene, a, isoflurane

inhibited the oxidative pathway in a concentration dependent manner slightly

enhanced the reductive pathway. Surprising was the extensive inhibition of

-'., halothane oxidation by isoflurane (CF2-0-CHCI-CF 3), which is considered an

inert chemical (if metabolized, then no more than 0.3% of isoflurane is de-

gradated to trifluoroacetic acid). In such circumstances, the explanation of

suppression of oxidation of halothane by competitive inhibition was question-

able. Therefore, additional studies were undertaken to investigate the persis-

tence of the inhibitory effect. Since the inhibitory effect of isoflurane

ceased shortly after the end of the exposure, we concluded that the metabolic

reaction of Isoflurane has small Km and Vmax' Therefore, isoflurane is metabo-

lized to a very small extent and inhibits metabolism of other chemicals in a

competitive manner similar to competitive inhibition by methylene chloride and

trichloroethyl ene.

When we tried to apply our model to styrene and some water soluble chemi-

cals, we observed a deviation of the experimental data from the model simulation.

The main difference was that pulmonary uptake of these chemicals was smaller

than predicted, and the end exhaled air was not equilibrated with arterial

blood. Therefore, we investigated the retention of vapors in respiratory

', , - . . -.S- . ' . - . - . , - ,- , . - - . - o . . . , . - . . . . . . .. . . - - - ...

• ",-,"p-" . ' " ' -" " " .".-,-' ' '''- v ~~ : - " , . . . , .". . ' "----. .:'.:s..-" ..- ""
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airways, using the rabbit trachea as a model. We observed retention of some

vapors in the rabbit trachea, the retention being dependent on hydrophility of

the chemical. Recent studies in DOW Chemical (W.T. Stott, personal communica-

tion) corroborate our data. Recent observations indicating that some chemicals

can be metabolized in the respiratory airways (T.E. Eling et al., personal

communication) deserve further investigation and adjustment of the simulation

model.

SIGNIFICANCE:

The simulation data obtained by the model embracing capacity limited

metabolism shows that bioavailability of inhaled chemicals is not always a

linear function of exposure concentration. Therefore, the non-linear depend-

ence of tissue concentrations of chemicals and their metabolites on exposure

concentrations has to be considered if the exposure is evaluated by biological

monitoring or if toxicity of small exposure concentrations is extrapolated

- from data obtained at high exposure concentrations or after a large dose of

chemicals. The simulation model developed under this contract provides in-

formation on bioavailability of chemicals inhaled under a different exposure

regimen and can be used as a tool to improve the extrapolation.

C'

[,-C * C.'--



Appendix I

ELECTRIC NETWORKS IN THE SIMULATION OF UPTAKE, DISTRIBUTION
AND METABOLISM OF INHALED VAPORS.

J.Vlach, Department of Electrical Engineering,
University of Waterloo,

Waterloo, Ontario, Canada.

V.Fiserova-Bergerova, Department of Anesthesiology,
University of Miami,

School of 'Medicine, Miami, Florida.

Abstract.
Inhaled vapors and gases distribute in the human body in a way which, in a
linearized situation, are described by sums of exponentials with real
coefficients. Since responses of passive RC networks are governed by the sa&e
type of equations, such netwcrks can be used to simulate uptake, distribution,
an' elimination of the inhaled drugs and volatile toxic substances. Using the
electric networks it was possible to predict a steady state level of noxious
vapors in the body of workers exposed on a regular weekly working schedule.
Certain nonlinear metabolic pathways were also simulated by networks having
one nonlinear conductance. The work reported here was supported by US Air
Force grant AFOSR 762970.

I. Introduction.
Reactions of a human or animal to various toxic or nontoxic substances are

complicated and often not fully understood. Collection of experimental data
is expensive and thus samples are few. In some cases, ethical problems
prevent experiments on humans and information must be extrapolated from animal
experiments.

If vapor is inhaled at concentrations smaller than saturated vapor
pressure, the processes are approximately linear. In such case the problems
leac to sets of linear differential equations. The solutions involve suns of
exponentials with real coefficients. Since passive RC networks respond to
signals in a similar way, they can be used for simulation.

Once the similarity has been established, all the extensive knowledge of
electrical engineering on the solution of electric networks can be applied to
biological models. This paper discusses one application of such simulation on
a small Apple II computer.

II. Background.
If a person enters an environment polluted with a volatile substance, the

pollutant is inhaled and carried by the blood from the lung to the tissues, in
a similar way as oxygen. The substance is then retained in the tissues and,
in most instances, partly eliminated by metabolism or excretion. When the
person leaves the polluted environment, the substance is eventually completely
rEr.oved from the body by exhalation.

The factors which determine the uptake, distribution, and elimination of

the inhaled substance are:
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1. the rate by which the vapor or gas is transferred from the
environment to the tissue and vice-versa (This depends on tissue
perfusion, pulmonary venti-.tion, and solubility of the substance in
blood).

2. The capacity of the body to retain the inhaled substance (This
depends on solubility of the substance and mass of the tissues).

3. Excretion or metabolism of the substance (The substance can be
excretred unchanged, or undergo chemical changes before being
excreted, usually in urine).

When trying to handle these processes mathematically,simplifications must
be made. Tissues with similar parameters can be pooled and treated as one
mathematical entity, called the compartment. For instance, the resting man is
represented by two compartments. For an exercising man, an additional
compartment is needed. Depending on solubility, additional compartments might
be used. In a model for lipid-soluble substances ( such as organic solvents),
lean tissue and fatty tissue must be treated as separate compartments.
Excretory organs are also considered as separate compartments. Additional
compartments might be formed according to the required information. For
instance, to study anesthetic effects, the brain might form one or more
compartments, depending on available information. However, as a general rule,
we should try to keep the number of compartments small.

To describe these processes, differential equations were used. Extensive
references can be found in the book [] to which the authors of this paper
contributed several chapters. This paper will concentrate on electric
simulation and on some solutions. The interested reader is referred to [1,2]
for information on how to determine the values of the various compartment
components.

III. The simulating network.
Concentration of volatile substances in the air can be simulated

electrically by the voltage of an independent voltage source,E, (see Fig. 1).
A larger concentration is represented by a larger voltage. However, as long
as the network is linear, the superposition principle applies and unit value
is sufficient to cover all cases.

The inhaled substance first enters the lungs, but does not instantly reach

other parts of the body. A certain time constant is involved. Moreover, the
pollutant doesnot reach the lungs in the same concentration as it is present
in the air. Part of the inhaled mixture stays in the respiratory airways and
is exhaled. This dead space and volume of gas filling the lung effectively
reduce the concentration acting in the lungs. The lungs are thus simulated
by a conductance (representing alveolar ventilation ) and a capacitor,
(representing volume distribution of the lungs). In the network, they are
denoted by Gn and Cn. The time constant simulates the speed with which the
substance concentration rises or declines.

-. ~ .%.
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Arterial blood transports the substance to the various organs. For a given
substance, the organs are lumped into several compartzrents having various time
constants. Again, the conductance (derived from. perfusion and solubility of
the substance in bbood) determines the speed with which the concentration of

pollutant in the tissues rises or declines, and the capacitor (derived from
tissue volume and solubility of substance in the tissue) determines the amount

*-- of the substanc2 which can be deposited in the compartrent. In the body, the
tissue corpart rents can be thought of as being in parallel, and thus a numrber
cf FC tire ccnstants in parallel are used. The upper line in Fig. 1
ccrresponds tc the arterial blood which transports the substance to the
organs. The bottcr line corresponds to venous blood.

So far only the Gi and Ci elements were considered. Networks of such type

simulate the behavior of a substance which is not metabolized or excreted.
Whatever was deposited in the body is removed by exhalation once exposure to
the substance is interrupted. The post-exposure situation is simulated by
setting E:O, since a voltage source with zero voltage represents a short
circuit.

e majority of drugs and air pollutants are metabolized and only a
fraction of uptake is exhaled. To account for metabolism, the conductances
G (derived from intrinsic metabolic clearance) are attached in parallel with
C.
i .

On a large computer, the problem can be solved in many ways by using
standard subroutine packages or even special network analysis progrmirs. Cur
specification called for a sr.all computer. We selected the Apple II computer.
This computer is slow when working with its Basic interpreter and it was

necessary to use all possible ways to speed up the solution. In addition,
standard subroutines available for large computers cannot be used because of

ko memory restrictions.

A special nunbering of the nodes is one way to reduce the computing time.
If the nunberirg is selected as shown in Fig. 1, the system mntrices will
have the form

Fc0(G +GX) -G

G=2 2) 2  2
C= E

(G (GX -G 1  C 1

-G -G -G G2+GX G CL 2 n-i (G 2+ G) n

The LU decomposition will create no fills and the substitutions can take
* * advantage of the form of the right hand side vector. Suppose that a constant
* voltage is applied. In the Laplace domain, this is represented by the systern

equation
G + SC) V E/s + 0

w-.' --- n 1 n I0 i
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where So represents a vector of initial conditions.
So = C Vo  (3)

and Vo are the initial voltages on the capacitors. In our network, they are
equivalent to the nodal voltages.

In chronic studies, information on the distribution of the inhaled
substance after an extensive period of time is needed. This can be simulated
as a steady state problem with dc excitation. For nornetabolized substances
(all GXi=0 ), all compartments are charged to the voltage E. If the substance
is metabolized, then some GXi are nonzero, and the answer is given by the
solution of

G V = E (4)
Here we take advantage of the special form of the matrix, as discussed above.

Solution of the problem in the time domain can be obtained by numerical
integration. On a small computer, this takes a long time. If the network is
linear, the Laplace transform offers faster and more detailed answers.
Rearrange (2) into the form

(s 1 - A)V = C-1 E/s + Vo  (5)
where 1 is a unit matrix and

A :-C-1 (6)
A complete solution is obtained by inverting the matrix (si-A). This can be
done by using the Leverrier-Faddeeva algorithm [3]. It provides the inverse

in the form
n-i 5n-2+B sB

B1 s n-+B 2 s ......... B s + B

(sl-A) n n-i (7)s n+ a 1s nl+a 2 sn-2 +..a n - s + an
-n

where ai are constants and Bi are constant matrices of sizes n x n.

The steps of the algorithm are:
1. Define B1 = 1 = unit matrix of size n x n. Set i=1.
2. Obtain the matrix product D = A* Bi
3. Calculate the trace of D, tr D = sum of the entries on the

main diagonal.
4. Calculate ai= (1/i)*(tr D).

5. Calculate Bi+I = ai*1 + D
6. If i=n, stop. Else set i=i+1 and go to 2.

The roots of the denominator represent the poles (equilibration rate
constants) of the systEm, and can be found by the Newton-Raphson iteration.

Since we are dealing with an RC network, all roots must be real. A sall
progra., with deflation of the polynomial was written to find all the roots.
Subsequently, the roots were refined on the original polynomial. The residues
are obtained by considering the Bi matrices. It is advisable to keep the
influence of the voltage source and of the initial conditions separate andfind the inverse Laplace transform. As a result, we obtain explicit

exponential functions with known multiplicative constants, and arbitrary step
sizes can be taken while getting accurate results.
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In the program written for this purpose, the integrals of the currents are
evaluated simultaneously. They simulate the amount of the inhaled substance
present in the compartments at any moment. An example of application of a
simulation model is the determination of body burden of noxious substances in
industrial environent: exposure to noxious vapors 8 hours a day, 5 days a
week, followed by the weekend break. To determine the levels of the substance
in such chronic exposure, the integrals of currents over several weeks are
calculated. ecause of the explicit. nature of the functions obtained by the
above procedure, 8-hour-long time steps were taken.

Nonlinear probles were also studied, and a simple integration routine with
Euler bac c<ard formula was prepared to solve the problem with up to 7
ccr.artrients. This is sufficient for most studies, since too many
compartments present problems when determining the constants of their
elements.

IV. Conclusion.
., It was shown that uptake, distribution, and elimination of gases or vapors

by the human body can be simulated by a network composed of capacitances and
conductances. A program was prepared for the solution on an Apple II
computer. The steps assumed that standard subroutine packages cannot be
transferred to this small computer.

V. Literature.
(. [I Modeling of inhalation exposure to vapors: uptake,distribution and

l elimination. Volumes I and II. Edited by V.Fiserova-Bergerova, CRC Press
1983, Boca Raton, Florida, USA.

[2] V.Fiserova-Bergerova, J.Vlach and J.C.Cassady: Predictable individual
differences in uptake and excretion of gases and lipid soluble vapours:
simulation study. British Journal of Industrial Medicine, 37, 42, 1980.

[3 V. N. Faddeeva: Computaticnal Methods in Linear Algebra. Dover Press,
New York 1959.
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Fig. 1. The simulating network.
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Appendix 2

Tie Iv-: SIMUATIOt WODEL VeIA CONCENTMATION DEPENDENT METABOLIC CLEARANCE Of IAWOTNANE

Author: V. Fecrova-ftergerova. Ph.D.

Affiliation: Department of Anesthesiology. University of Miami School of Medicine.
Miami. Florida 33101

.7', .Introduction. The purpose of this study Is to tions. The agreement between simulation (lines) and
prepare a pharmacokingetic model describing halothmne measured aouants of metabolites formed during 3-
clearance via three excretable metabolites (tri- hour exposures (dots) to shown In the figure (in-
fluoroacetic acid. ?FAA; 1.1.1-trifluore-2-chloro- cluding K 11 s and v.,as.0. When the simulation vat re-
ethane. TFE; and l.1-dlfloro-2-chloroothylene, DIE) peated with tissue perfusion and alveolar ventilation
during and following haoebanoe ameathemio. To obtain being Increased or decreased 252 from normal, the
the r,,, and V.,, comstants describing the capacity- calculated amounts of all metablites also Increased
limited metabolic reactions, distribution of halo- or decisa-ed. The chages were more profound at small
thane. TFAA* TIE and Oft was determined in tissues exposure, concentrations. (Al an exposure of 0.0072.
o.f rats exposed to mubemesthelic concentrations of haiothano concentrations to liver and production of

*halnthane. volatile metabolites changed about t 402. and TIMA
Methods. 30 female Sprague-Davley rats, 200 It production changed by It 152. The flow effect was

us.,.. .er'.-d for ) hours to ht subaesthetie conc,-n- negligible at anesthetic concentrations).
trationt of haluthane (ranging from 0.007Z to 0.32U3. Discussion. Distribution of halothane metaho-
At the end of the exposures the rats were decapi lites shows that TFE and DIE are formed only In liver
tonted and the liver, kidney, brain, muscle and lung and are removed from circulation by efficient pul-
werc anaiyzed for halothane, TIE and OIFE by a heaid- monarv clearance before reaching other tissues. TFAA.
_,--L4 and for increased nonvolatile fluorine being excreted only by Inefficient renal clearance.
(TFAA) Iny a specific fluoride ion electrode. Mleta- accumulates In all tissues. All metabolic pathways

..N h-llc rates were determined by taking into account of halothane are capacity-limited. A smal 11 K and
metabolite concentrations In tissues, tissue vol- Vmax for TFAA indicates that holothane is most sue-

"me s, and clearance of each mttabolite, Calculation ceptible to the oxidative metabolic pathway, which
of pulmonary clearances of TFE and DIE was based on approaches saturationa at a relatively small exposure
the gas exchange principle.' The constants r, and concentration (0.062). A large Kma for both volatile

V were found by optimum fit of experimental data metabolites indicates small susceptibility to re-
to a$-compartment physiological model (using para- ductive metabolism (which does not approach satur-
meters for nonaftesthetized rats)' in which Utacolic ation even at anesthetic concentrations). At small

r A. clearance was described by the equation: exposure concentrations, when all metabolic react-

- d. vv v 1ions are first order, halothane metabolism is flow-[n L__2t~A . isax(Trz) . _a(F~ limitd and metabolic pathways compete for the halo-
d. K, 4TA-. Km (T -c Km (DE)c than. available at metabolic sites. Since differ-

n(TFA) (TF) *DI I encea in K, and Vines among metabolites are large, the
where c to actual halothane concentration in liver, f ractions of uptake, degradated to each metabolite,
Solution of the model was found on an Apple 11 Plus vary with halothane concentrations. TFAA Is the major
comp~ute-r. Physiological parameters for a standard metabolite at small concentrations. Formtion of more
anes~thetixed ma were used to simulate clinival toxic TIE and DFE advances at high concentrations.

* anessia, The power equation was used to scale up Simulation of 3-hour clinical anesthesia with 17
'a.1 for mane (V". - a BWOO. halothane shows that only a small fraction of uptake

is .-"Alse.TFAA was present in all tissues in (1.32) is metabolized to TFAA during anesthesia, and
al.-t the saeconcentrations. TEand VIE were most of TFAA is formed following anesthesia (16,Z).
meracueable only in livers. Tissue concentrations of Toxic metabolites of the reductive pathway are isairelv
all metabolites rose less than exposure cencentra- formed during anesthesia (4.22 of TIE and It of )FE)

* -- and shortly after anesthesia (4.22 of TFE and 0.12 of
aii DW!). Total amounts of metabolites (during +- follow-

.1 t Ing anesthesia) agree with findings in a clinical
-'I *study:2 17.12 of TFAA. 1.22 of DFE (assuming that all
I released fluoride In equivalent to DIE). 8.4.2 of TFE..1 'Idetermined by simulation, is comparable to 102 of
'I ~ I .*.. ~uptake unaccounted for in the clinical study. The

d-m '* ' ~fraction of halothane exhaled unchanged (737) is
close to the fraction obtained by simulation (72%).

- s o This study was supported by APOSR 76297u and
-. . NIN grant ES 01029-04.
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Appendix 3

Ti I I : utah Ll(kAIE AS AN lil?06o or MALOTIANE IUTANOLISM

Aut hor: V. Fiserova-Bergerova. Pha.D.

Affiliation: Uepartment of Aesthesiolegy. University of Miami

School of Medicinee. "Iasi. Florida 33101

Introduction. Sice it is believed that Is*- posed to am approximately equlseler mixture 'I halo-
I luraiW xme'tabolized to a very smll extent fabeut tha.p and isofluree). It remisas to be sees whether
0.2Z of the amount retained during clinical smooths- the Inhibitory effect Is a competitive short 1a0414g
mia) because (if th, great stability of the teaftime- @pisad* without Clinical significan'e, or whetherf
an.- -vIua. intrfe..,ce of Leaflursee with Gsts- the Inhibitory affect to persisten" and caubrad by
bolits of other arenoblutics ma set execteod.'a Yet deactivation, of the mictoaesl easy" estens.
mirdafication of biological effect of *mdrugs, by Thin study was supperted by AM0R 762470 end
coeacpo ,ram to feoiflurano was reported.", tn this StiI grant 9 01029-04.
study. we used coressomurve to ewbaneetbetic concen- ieafrraces.
trat ions of Isoiflurmne and haleghane to demnstrate 1. saladay PA. Fiseriev-Sergeroe V. Lattea IF. ec &I:
Inhibitory effect of i9oflurea go metabolic path- Resistance of isoflurane to bitramsfcorrmellon an men,
uws,' 'i .noth.'-r droll. Anesthesiology 4): 32$-332. 1975

M.thtd.. )-) female Sprague-Dawle, rats (ISO- 2. Enter El It: Kant lurue (foran.r). able Medical
I2(i) Od were esp-d 1,'r I hours to a mixture of Products. fliv, of Aarco. INC..* 1941 pp 7'.
I-t.!Irana. and ,.ai.'th.r in air. Nalothan.t conmcei- 3. Sermen ML.. Ituhnrt L. Phythyon J4i at a1: 1.-

cc.,! ions were alwa-. maintained at 0.06£2%. Concirs- flurane and antilurane- induced hepatic Necrosis io
Ic. n.of i'.f loran. ra.nged between 0.0151 and triiodothyronine-aarotreated rats. Antriestea.iwai 56.

I.',. Five -Wddiinal rate were exposed only to 1-5. 1903
icalc,tthane. At the end of that exposure the rats e sa
decap.itated and th.' liver, brain, muscle and kidney Su. m u s m n i
%,era- analyzed ftor i'.!liuraner and for halethane and ** n na.a. n i.
it. ".,tile metabolites. 1.1.1-trilot-2-choro- aie 40"Now a men a- 0 Oft ea sa

h.fao (T) sai i-ifiuoro-2-caloroerthyleneo WE~) 0 %=040 em 6* 5ns
fy a te.d-space-C.C. Increased nonvolatile fluorine *o 1, 0 .,
ITFAA) waas deter'sxned by a specific flubride t Sp *
electrode. As a control. sinilar studies were per- a
formed with exio..uraes to isoiflurane anly and with 9 . a
exposur.es to mixture. of hatcothame fO.062t) and I
nitrous -1xid,. I rinclnv between 2t sand 50O2). IN al It- .- . .~..- .

.tcaji-. ,my.n. w. m.antalned at 212.ma
kc-I..ts. I.on,enfr.itiunaa of helothanet anid hao- *,.eMe" 4D m,me 0 9,inem e s

th.,nar setabotlic.e in I ivt- of exposed rare are shown 0W Al
in the f igure. TF. and 9fll were mot mesurable int a 0,:
other tissues. As rasult of coesposure to isoflur- MO . S

p . ~an.'. the TFAA con, -ntration In liver profoundly do-1 -r-f T # L
- ,rcA.,ied ani the TFF and OFE concentrations slightly

inart,4".d conpared to concentrations In livers of n, g
rats *exposed wnlv toi halothane. Nalothasar concens- esaiannmnam
t ratIonb In l iver were unaffected by the coemposurie. .11#41 =mmm Ihoo OUs at 11.54
IFF. TP.. anu) TFAA were not measurable In tissues of Ism oe to ems a see64a
rcat,. tesputed to i-.f luran.. only. Nitrous oxide had .. iso . a
rato, effect on concentrations of halothane metabolites. OR a~ till

* . ~iicux..ion. Significantly reduced concentra- '

tion,. of TFAnA In tissues of rats exposed to six- ~ *
ta." if Isotlurane and hainthae indicate lnter- I W
f.-rence of isoflut.in. wath hialathane metabolism. a 6

ZClte c aus of the Interference could be either too- m, s Ueema sn U e s
flurane reducitng the hloiavellability of hialethene 42ut ~
the ria'tab'ali, qitv.', or ictoflurame Inhibiting the
mirtala.alIisiI I..-,ym. my-stem. The bioavailallity is 110 Is lia

anf lated hy ls.fliarane, since helotheme concet - A G -

t .an,. in as'.'.'.s at aninatle exposed to helothane s-tbrrr'- i.
% ..~~nix. inad In t I-s-.' of animals esposed to mixtures onwsdema*M
% ' ~ . ata. 'tha.t 1,'.. are t ta mare. We concluded. there-

fr.-. toAt i'..tir,v, oia hltt the activity of the Concentratins of halothane and Its matabolitee
nxi. ,..,.,aa mix" .-J nt t ton omidaise system whaich (6iM/kg of wet tissue) in rate exposed only pa halo-'-

wxila.tive ,a'tahilllic.n of halothame. The in- thea.p are represented by horizontal lines (a. t S.E.;
hl'.arian isI aacrntfxat or: dependent. (At subenees- a - 5). Pact, bar represents the mean concentrations
tha-t I- -nint rm 1.~ I. ,ed in this study. TTAA con- in tissues of Srats coexposed to iecf luon. or!

oat r.,t oan a. r,-d- c i 511ZI)2 when rate were en- Nitrous oxide in concentrations shownx on ahbsciss.a.

Ply"-
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Appendix 4

EFFECTS OF EXPOSURE CONCENTRATIONS ON DISTRIBUTION

OF HALOTHANE METABOLITES IN THE BODYa

V. Fiserova-Bergerova and R.W. Kawiecki

Departrmert ,f Anesthesiology,
University of Miami School of Medicine

a This study was supported by AFOSR 762970 and NIH grant ES 01029-94.
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Distribution of halothane metabolites in rats

Corrsponenceto: Vera Thomas (Fiserova-Bergerova),Department
of Anesthesiology R-9, University of Miami School of Medicine,
P. 0. Box 016370, Miami, Fl., 33101.



ABSTR'.T

The effect of exposure concentration on halothane metabolism

was studied in rats exposed to subanesthetic concentrations of

halothane in air. Concentrations of halothane, total non-

volatile fluorine, and volatile metabolites (CF 3 CH2 C1 and

CF2 =CHCl) were determined in liver, kidneys, muscles,and brains

excised at the end of a 3-hr exposure. It was observed that

concentrations of all halothane metabolites in tissues rose less

than exposure concentrations, that nonvolatile fluorine was pre-

sent in all tissues in approximately the same concentrations, and

that concentrations of volatile metabolites in liver were much

higher than in any other tissues. A simulation model was used

to support the following conclusions: 1) Metabolism of halothane

by all metabolic pathways is flow-limited at small exposure con-

centrations and is capacity-limited at high exposure concentra-

tions. 2) Volatile metabolites formed in livers are efficiently

removed from circulation by pulmonary clearance, but trifluoro-

acetic acid is accumulated in the body. 3) Halothane is most

susceptible to biodegradation to trifluoroacetic acid, but this

pathway is saturated at very small exposure concentrations. Sus-

ceptibility to biodegradation of volatile metabolites is small,

but the pathways are not saturated even at anesthetic concen-

trations. 4) The contribution of each of the three metabolites

to total metabolic clearance depends on exposure concentrations.

Trifluoroacetic acid was the major metabolite during exposure to

small halothane concentrations;formation of more toxic, volatile



metabolites increased during exposure to high concentrations.

Postmortem formation of metabolites was studied in order to

prevent its interference with tissue analy :is. The method for

determination of volatile metabolites is described.

li
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Metabolism of halothane (CF 3CHClBr) is mediated by microsomal

mixed-function oxidase. After debromination, halothane is either

oxidized to trifluoroacetic acid, TFAA, (1) or undergoes biodegra-

dation by the reductive pathway, the products of which are two gases

1,1,1-trifluoro-2-chloroethane, TFE, (2) and 1,1-difluoro-2-chloro-

ethylene, DFE, (2), fluoride (3), and the fluorine-containing

moiety of halothane that is covalently bound to proteins and lipo-

proteins (4-5). Both the reductive and oxidative pathways are

enhanced by phenobarbital pretreatment (6). The reductive path-

way is further enhanced by hypoxic conditions (6-7), or by the

presence of other xenobiotics that suppress the oxidative path-

way of halothane (8). Formation of volatile metabolites appears

to be related to impairment of the liver, which is the major site

of halothane metabolism (9-10). Sawyer et al. (11) demonstrated

that hepatic clearance of halothane is concentration-dependent,

and concluded that halothane metabolism is a saturable process.

Capacity-limited metabolism of halothane is corroborated by the

concentration-dependent bromide rise in plasma (12) and by concen-

tration-dependent pulmonary retention of halothane (13). Plone of

these studies (11-13) provide information on the effect of exposure

concentration on the activities of individual metabolic pathways.

The following study was undertaken to determine the effect of

exposure concentrations on systemic clearance of halothane by

5



two major metabolic pathways. Concentration increase of non-

volatile fluorine in the liver of exposed rats was chosen as an

indicator of the efficacy of the oxidative pathway. Concentra-

tions of volatile metabolites (DFE and TFE) were chosen as in-

dicators of the efficacy of the reductive pathway. The study was
.-.-

°

performed at relatively small exposure concentrations in order to

avoid changes in pulmonary and cardiovascular functions induced

by analgesic and anesthetic concentrations of halothane (14-15).

In addition, the postmortem formation of volatile metabolites in

liver was studied in order to correct for interference by such

-. .* metabolism with the analysis.

Z.z
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Methods

Chemicals. Halothane was obtained from Ayerst Lab, New York,

N.Y. DFE and TFE were obtained from PCR Research Chemicals,

Gainesville, Fla.

Animals. Sprague-Dawley female rats (about 200 g)were maintained

on a Purina Lab Chow diet and drinking water ad lib. Rats re-

ferred to as pretreated were injected with sodium phenobarbital

five times, 12 hr apart, the last injection taking place 12 hr

prior to the halothane exposure (ip injections, 15 mg/kg). Prior

to exposure, all rats were housed together. All exposures took

place in the morning hours. Control rats and exposed rats were

killed at the same time.

The Exposure Chamber. The rats were exposed in a 20-liter glove

box through which passed the gas mixture at a rate of 2 liters/

min. Compressed air of breathing quality was used as a carrier

gas. The desired exposure ccncentrations were achieved by in-

jecting liquid halothane at the predetermined rate in the inflow

port of the chamber. A Harvard infusion pump was used for the

injections. The temperature of the injection port was maintained

between 35 and 40 0 C. To achieve the desired concentration

rapidly, the flow of the air into the chamber during the first

10 min was 5 liters/min,with the infusion rate of the anesthetic

being increased accordingly. The gas mixture in the exposure

chamber was sampled frequently; samples were drawn in 20-cil glass
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syringes from two places near the respiratory zone of the

animals. Two rats were usually exposed at the same time. At

the end of the 3 hr exposure, the rats were decapitated inside

the exposure chamber, and selected tissues were rapidly excised

and analyzed.

Gas Analysis. Halothane in the exposure chamber was determined

by injecting 50 vl of gas samples by use of a Hamilton gas-tight

syringe on the gas-chromatographic column. An F & M model 402

gas chromatograph equipped with a flame-ionization detector and

a 1.8-m-long glass column packed with 10% Carbowax 20M on

" - Chromosorb W,AW (80-100 mesh) was used. The column temperature

was 650 C.

Tissue Analysis. Total Nonvolatile Fluorine in tissues was de-

termined after combustion of tissue homogenate by use of a spe-

cific fluoride ion electrode. Tissue samples were frozen

immediately after excision and stored in a freezer until analyzed.

In order to determine the total amount of fluorinated metabolites of

-. halothane, the fluorine concentration determined in the tissue of a

nonexposed control rat was subtracted from the fluorine concen-

tration in the tissue of an exposed rat. Inasmuch as TFAA

accounts for most of the nonvolatile fluorine formed during halo-

thane exposure, fluorine concentrations in the tissues are expressed

in Pmol of TFAA per kg of wet tissue. Normal levels of fluorine

in tissues (equivalent to about 30 to 60 1,mol of TFAA per kg) were

::'<::



the least amount determinable by this method, the error being

+ .;].

Volatile Metabolites in tissues. Determination of volatile sub-

stances was done by gas-chromatographic analysis of the headspace

of the tissue homogenate. A detailed description of the method

follows, because post-mortem metabolism was found to interfere

with analysis.

Equipment. (a) Incubation tubes 14 ml (Kimax or Pyrex),

stoppered with bakelite caps were used. The volume of each tube was

carefully measured by water displacement. A small hole (about

2.0 mm in diameter) was drilled in each cap for withdrawal of the

gas sample. To seal the tissue sample in the tube, the cap was

lined with silicone rubber septa and Saran wrap. To draw the gas

sample, a needle attached to a gas-tight Hamilton syringe was

inserted in the tube via the septum. (b) Multifaced stainless

steel cutters, developed in our laboratory, had the form of two

truncated cones (l and 2 mm high, respectively) with a common

base (2 mm in diameter). The sharp edge around the common base

was the cutting edge. (c) A Hewlett-Packard gas chromatograph,

model 7610, equipped with a flame-ionization detector and a l.--m

glass column packed with n-octane on Porasil C (iof-12? mesh) and

heated to 130 C, was used.

9
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Standards. To prepare a standard for volatile metabolites, an

exact volume of pure gas was drawn into the glass syringe from

the original container and transferred to an evacuated glass

bottle (approximately 19 liters in volume) equipped with a stop-

cock. Upon opening the stopcock, the content of the syringe was

emptied into the stream of air sucked into the evacuated bottle.

The pressure in the flask was allowed to equilibrate with atmos-

pheric pressure. The concentration in the flask, C (ijmol/liter),

was calculated from the volume of gas in the syringe, v, (il)

corrected for actual atmospheric pressure, p, and temperature, t,

and exact volume of the flask, V, (liters) (determined by water

displacement )

v I

C v MV (1)

where MV is the molar volume at actual atmospheric pressure and

temperature. The standards for halothane were similarly prepared

by injecting a carefully measured volume of liquid halothane, v

( I) in a stream of air sucked into the evacuated flask of known

volume, V, (liters):

v lO00d
C -V MW (2)

where d is the specific density of liquid halothane and MW is

molecular weight.

The standard mixtures were prepared in concentrations comparable

to concentrations in the head-space of the samples. The linearity

between peak height and concentration was frequently checked by

10
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injecting 50, 100,and 150 p1 of the standard on the gas-chromato-

graphic column.

Procedure. Two cutters were placed in an incubation tube, which

was then filled with carbon monoxide, capped, and weighed, W-1

Approximately 0.5 g of tissue excised from the rat immediately

after decapitation was placed in the tube, which was then immedi-

ately capped. About 2 cm of an 8 cm-long flexible hose was slipped

over the top of the tube. The other end of the hose was attached

by a clamp to a stand, so that the tube stood vertically on the

Vortex mixer. About 5 cm of hose made a flexible connection

between the clamp and the tube. This allowed for vigorous vibra-

tion of the tube when the Vortex mixer was started. Unless stated

otherwise, grinding started within 3 min after decapitation.

During 45 min of vibration, the cutters grouJ-J the tissues, and

the partial pressures between tissue and gas in the head-space

were equilibrated. Tubes with samples were weighed again after

grinding, W2 .

Usually, 100 pl of the gas from the head-space was injected on

the gas-chromatographic column, and the peak height was used to

calculate the concentration of the studied gas in the head-space,

C. The concentration in the tissue was calculated:

V

tis - 2  C tis/gas (3)

where V is the volume of the head space and is the appropriate

tissue-gas partition coefficient (table 1). The concentrations

11



are expressed in .mol/kg of wet tissue. To determine the sensi-

tivity and accuracy of the method, 50 Il of qas standard (5-200

. mol/liter) were injected i,,to a lump of tissue obtained from an

unexposed rat. The gas mixture was introduced in tissues placed

in capped incubation tubes by a needle. The needle was removed

immediately after the injection so that the system was sealed by

the rubber septa. Measurable gas-chromatographic peaks were

obtained if concentrations were greater than 0.3 ipmol of DFE or

I vmol of TFE per kg of tissue. 94 to 100% of added DFE and TFE

was recovered. The analysis of each tissue of exposed rats was

done in duplicate or triplicate. The differences rarely exceeded

5% of the mean if grinding started within 5 min after decapitation.

An example of a gas chromatogram is in fig. 1.

It is important that livers of rats exposed to halothane are

homogenized in carbon monoxide immediately after decapitation,since

there is significant increase of DFE and TFE concentrations in in-

tact livers stored in air (Fig. 2). Postmortem metabolism is very

slow if livers are stored in carbon monoxideand is completely

suppressed by grinding (the concentrations in the hcadspace of

tissue homogenates remained unchanged for three hours).

Tissue-Gas Partition Coefficients. Tissue-gas partition coeffici-

ents of both volatile metabolites were determined in tissue homo-

genates obtained by grinding tissue from unexposed rats in a Duall

Kontes homogenizer. One-half gram of tissue homogenized in 1 ml

12
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- "" of saline was placed in a gas-tight, 10-ml gas syringe containing

2 ml of carbon monoxide. The syringe was closed with a stopcock.

After 10 min. 2 ml of an equimolar mixture of OFE and TFE (con-

centrations between 10 and 100 jimol/liter) were added and the

sample was rotated for 60 min on a multipurpose rotator to equili-

brate the partial pressures The gas volume was measured, and

the concentrations of DFE and TFE in the gas mixture were deter-

mined by gas chromatography. The gas above the sample was quan-

titatively discarded and replaced by 2 ml of uncontaminated air.

Another glass syringe was attached to the other end of the stop-

cock, and both syringes were immersed in a water bath heated to
o

65 C. The system of two syringes allowed for volume expansion.

After 1 hr, all gas was pushed into the syringe containing no

tissue, the gas volume was measured, and the gas was analyzed for

DFE and TFE. Since only negligible amounts of the gaseous sub-

stances remained in the tissue at 65 C, the tissue concentrations

-.. were calculated by dividing the amounts of DFE and TFE released

-- from heated samples by the weight of the tissue. Total re-

covery of added amounts of DFE and TFE was between 95 and 105g.

Calculation of partition coefficients included correction for

partition in saline. The partition coefficients are in table 1.

Simulation of the Lxperimental Exposures. Uptake, distihution.

and elimination of halothane in a 200-g rat exposed to different

halothane concentrations was simulated by a five-compartmental

physiological model (Fig. 3) (le-!;). The constants defining the

compartments in the model are derived from physiological para-

13
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meters (tissue volumes (19), perfusion and alveolar ventilation

of rats (20) ),and solubility of halothane in tissue (solubility

is defined by the appropriate tissue-gas partition coefficient at

37 C (21) ). The metabolic pathways are described by three non-

linear functions attached to the liver compartment. Each function

is defined by two constants: KM  s (denote halothane concentrations

in liver compartment, ijmol/kg), and V s (imol/min). The rate

by which halothane is removed from the liver is described by the

function f(c):

f(c) L max (TFAA )  + Vmax(DFE) + Vmax(TFE)1 (3)
K+c KM +c KM +

M(TFAA) M(DFE) M(TFE) +
-

where c denotes actual halothane concentration in liver (vimol/kg).

The solution of the model was programmed in Basic for the Apple II

Plus computer (17-18).

The constants KM's and V x s were found by fitting simulation

curves to experimental data. To do this the amounts of metabolites

formed during a 3 hr exposure to different concentrations of halo-

thane were calculated, taking into account body burden as well

as clearance of the metabolites. The body burden of each metabo-

lite, AB, was calculated as the sum of the products of metabo-

lite concentrations in tissues and tissue weights, as indicated in

table 3.

A = 7c wti (4)

The estimate of the amounts of DFE and TFE exhaled during the

exposure was based on the mass balance across the lung:

14
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in fl ow out fl ow

Sc cF)c(5he p . -art *g rt I av 1alv (5)

where F is hepatic flow (=2.5 liters/3 hr), Q is cardiac output,

V.i is alveolar ventilation (10 liters/3 hr), Chep Cart, and

Calv are metabolite concentrations in hepatic venous blood, in

arterial blood, and in alveolar air, respectively. If instantan-

eous partial pressure equilibration is assumed, cart = £alv Xbl/gas

and c = clwhere X denotes the appropriate partition

coefficients from table 1. To calculate the amount exhaled, eq-

uation 5 was rearranged as:

A F V = a lv C v (6)_ " exh -av-alv (V +liv)
A x V c v + F Xbl/gas 1 iv/bl

This indirect method for estimate of exhaled amounts of metabolites

was used, since our attempts to obtain arterial blood or exhaled

air from unanesthetized rats during exposure were unsuccessful.

"-'2
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Resul ts

Distribution of Halothane Metabolites in Tissues. This was studied

in liver, lung, kidney, and brain of 10 rats exposed for 3-hr to

0.3% (v/v) of halothane in air (equivalent to 127 Ipmol/liter).

Five of these rats were pretreated with phenobarbital. The re-

sults are in table 2. Halothane concentrations in all tissues were

smaller than they would be if the partial pressures of halothane in

the tissues were equilibrated with exposure concentrations. Halo-

thane concentrations in tissues of pretreated and nonpretreated

rats were not significantly different. TFAA was also found in all

tissues, but concentrations of TFAA in tissues of pretreated rats

were about double those in tissues of nonpretreated rats. Concen-

trations of volatile metabolites in liver and kidney were signifi-

cantly smaller than those of TFAA or of halothane. Concentrations

of volatile metabolites in other tissues were below the sensitiv-

ity of our method. Phenobarbital pretreatment increased the con-

centrations of DFE in liver threefold. The increase of the con-

centrations of TFE is less than twofold and is statistically in-

significant. The identity of volatile metabolites was confirmed

1in selected samples by gas chromatography-mass spectrometry

.The analyses were kindly performed by Dr. Carl D. Pfaffenberger,

professor of chemical epidemiology at the University of Miami,

S.. using a Finigan model 4000 gas chromatography-mass spectrometer.

The component fragments were identified by their mass-to-charge

ratios, as recorded by a light-beam oscilloscope.
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Effect of Exposure Concentration on Halothane Metabolism. Forty

rats were pooled in six groups, five rats in each group. The re-

maining ten rats served as controls. Each group was exposed for

' 3hr to one of the following concentrations of halothane: 0.007,

0.009, 0.029, 0.067, 0.16, 0.32% (v/v). These exposure concentrations

are indicated as ijmol/liter in table 3. Rats were decapitated

and livers were analyzed for halothane and all metabolites. Samples

of skeletal muscle, kidney, brain, and lung were analyzed for TFAA.

Concentrations of halothane and metabolites in liver rose with

exposure concentrations (fig. 4). Halothane concentrations in

liver rose faster than exposure concentration, but concentrations

of metabolites rose less than exposure concentration. Distribu-

tion of TFAA in other tissues is shown in table 3.

m
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Discussion

Because of the great concern of the effects of clinical halothane

anesthesia, the biological effect and metabolism of halothane have

been extensively studied in anesthetized subjects. Despite the fact

that chronic exposure to subanesthetic concentrations of halothane

is considered an occupational risk, there is no information on

metabolism of halothane inhaled at subanesthetic concentrations.

Also, information on distribution of halothane metabolites in the

body is missing. This study, in which a wide range of exposure

concentrations was used, shows 1) that the three excretable meta-

bolites of halothane are always formed, but that the efficacies

of metabolic pathways are concentration dependent; 2) that the dis-

tribution of halothane metabolites in. tissues of rats exposed to

subanesthetic concentrations of halothane follows two patterns.

The difference in distribution between TFAA and volatile metabo-

lites can be explained by the differences in the efficacy of

systemic clearance: TFAA is excreted only by inefficient renal

clearance, and therefore accumulates in all tissues; volatile

metabolites, formed only in the liver, are removed from circu-

lation by efficient pulmonary clearance before reaching other

tissues. Rapid leveling of metabolites in exhaled air of sub-

jects anesthetized with halothane (2,7) suggests that, within 30

min of exposure, a steady state is approached in which each

volatile metabolite is formed and exhaled at the same rate.

Concentrations of halothane and halothane metabolites in liver

at the end of 3-hr exposures indicated a nonlinear dependence of

halothane metabolism on exposure concentrations. Th
'A I
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calculated amounts of metabolites formed during 3 hr exposures,

and halothane concentrations in liver measured at the end of the

exposures, did not fit a Lineweaver-Burk plot. The deviation

from Michaelis-Menten kinetics can be explained by flow restric-

tions induced by alveolar ventilation, tissue perfusion, and sol-

ubility which results in the competition of metabolic pathways

for halothane available at the metabolic site. To test this

hypothesis, we simulated our experiments by a pharmacokinetic

model described in fig. 3. A good agreement between simulation

and experimental data is shown in fig. 5. The simulations were

repeated for flows (that is, alveolar ventilation and tissue

perfusion) increased by 25": above normal and for flows decreased

by 25' below normal (fig. 6). These simulations confirm that

metabolite production increased with flow and decreased if venti-

lation and perfusion were reduced. The flow effect is greater

at small concentrations (below 0.4/), when metabolism is of first

order, than at high exposure concentrations, when metabolism is

capacity-limited and excessive amounts of halothane are supplied

to metabolic sites.

The simulation also shows that,as a result of flow limitation

and large differences in values of K and V among particular

metabolites, the relative amounts of metabolites formed during the

exposure is dependent on exposure concentration (fiq. 7). Aqain.

the ratios of metahol ites larqel y change at small exposure concen-

trations, when metabolism is flow-limited, and become constant if

anesthetic concentrations are used.

Iq



The precise mechanism of halothane reduction by cvtorhrom P-45

i s not clear, but a single free radical intermed iate was proposed

•' • . ..

•-"°

,. (22). To explain the dependence of rm~tab)olite ratios on Pxposure

concentration, the constants K and Vma used in the model can not

be understood as simple kinetic constants describing enzymatic

reactions in pristine system of purified enzyme. The constants

K and V used in the model are hybrid constants of a capacity-
M max

limited system which embrace interactions acting in living organ-

isms (23). They are uspd in a sense of constants describing a

-athematical entity rather than kinetic constant of an

enzymatic reaction. Since ratios of halothane metabolites depend

on halothane concentrations in liver, there are two plausible pos-

tulates: 1) formation of the radical is the rate limiting step

and the metabolic pathways enabling oxidation or reduction of the

intermediate to stable metabolites compete for the available inter-

mediate, or 2) some stable metaholite is further metabolized.

-letabolism of DFE was suggested (6). If DFE metabolism is rate-

limited, then shifting of TFE/DFE ratio with exposure concentra-

tion as shown in figure 5 is understandable. Further studies of

the mechanism of halothane metabolism are required to clarify the

concentration dependence of metabolic clearances.

While testing the reproducibility of our method, we observed

that concentrations of volatile metabolites in liver increase,

3nd halothane concentrations decrease, with the delay of anilysis

(fig. 2). We attributed these change, to nostmortem metabolism of

halothane in intact liver. The extent of F nF tv!rte m metahol im

varied from rat tr) rat . In seri 1 ivers it '.as reasurabl e for

,"# ,,"



only 3 hr, in other livers for more than 24 hr. We did not

observe any postmortem changes in concentrations of TFAA. However,

the possibility exists that small changes take place which do not

significantly interfere with determination.

Maiorino et al. (24) published a similar method for determination

of volatile metabolites in blood and tissue homogenates. Their

method, and the method described above, are based on the same prin-

*ciple. We see three improvements in our method: 1) precautions

are taken to avoid postmortem metabolism; 2) correction for parti-

tioning of DFE and TFE between biological samples and gas in the

headspace is made (this is especially important when fatty tissues

are analyzed); 3) specially designed cutters enable tissue analysis

in a closed system so that the recovery of OFE and TFE is quanti-

Stati ve.
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TABLE 1

Tissue-qasj artitiOn coefficients of halothane metabolie C)2

CF2 =CHC1 CF CH C1

Tissue

N7 X±SD N X±SD

Blood 4 0.87 ± 0.25 4 1.52 ± 0.32

Liver 5 1.14 ± 0.23 8 2.31 ± 0.37

Kidney 7 0.97 ± 0.40 7 2.07 ± 0.77

Lung 4 1.04 ± 0.39 8 2.20 ± 0.49

Brain 6 1.07 ± 0.31 8 1.79 ± 0.45

*Fat 5 19.80 ± 3.64 5 34.20 ± 6.53

Saline 10 0.54 ± 0.03 12 1.21 ± 0.04
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TABLE 2

Distribution of halothane metabolites in tissues of rats exposed for 3 hours

to 127 pjmol of halothane per liter

Concentrations of halothane and its metabolites in tissues of control rats

and rats pretreated with phenobarbital are expressed in vjmol/kg of wet tissue

Data represent means ± SD; N = 5

Concentrations in tissues jimol/kg
Tissues

CF2 =CHCI CF3 CH2 CI CF3 COOH Halothane

Nonpretreated rats

Liver 6.7 ± 2.9 49 ± 22 456 ± 113 587 ± 98

Kidney 0.35 ± 0.11 1.8 ± 0.9 282 ± 43 314 ± 60

Lung <0.3 <1.0 233 ± 22 373 ± 120

Brain <0.3 <1.0 152 ± 44 450 ± 72

Pretreated rats

Liver 18.7 ± 7 . 9 a 68.3 ± 32 995 ± 306a 511 ± 155

Kidney 0.33 ± 0.15 1.4 ± 0.7 492 ± 156a 335 ± 110

Lung <0.3 <1.0 469 ± 156 a  252 ± 100

Bra'i <0.3 <1.0 254 57 a 35 ± 60

a A significant nonpretreated-pretreated difference p < 0.05, t-test

2R
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TABLE 3

Distribution of trifluoroacetic acid in tissues of rats exposed for 3 hours

to subanesthetic concentrations of halothane

Data represent means ± SD; N=5

Exposure Concentration in ilimol/liter
Organ ____ ____________ ____ __

TissueI
Weight 2.9 3.7 11.7 27.3 67.3 133

kg Trifluoroacetic acid conc. in wet tissues jimo1/kg

Brain 0.0014 149± 94± 130± 108± 142± 120±

49 18 27 21 27 31
190± 140± 210± 201± 226± 250±

Kde 0.0626 10 30 38 32 34

Liver 0.008 288± 247± 357± 400± 384± 400±
35 22 42 37 41 41

75± 135± 177± 153± 190± 180±
Ln0.0221 20 26 41 16 31

72± 80± 100± 119± 114± 120±
Muce 01417 21 27 31 25 36

a The organ weights for a 200g rat (19).
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Legend to figures

Fig. I Example of determination of halothane and volatile

metabolites in tissues.

Tissue samples were excised from a rat anesthetized for

2 hr with halothane (1". in air = 410 imol/liter). The

arrows indicate injection of 50 ul of sample. The com-

pounds were eluted from the column in the following order:

DFE, TFE, halothane. The numbers at the peaks indicate

concentrations of 1-imol/kg of wet tissue. The peaks of

DFE in lung, muscle, and brain were not measurable. The

numbers below gas chromatograms indicate attenuations.

Fig. 2 Rate of postmortem metabolism of halothane in liver;

effect of carbon monoxide.

Samples were obtained from rats exposed for 3 hr to 0.3..

halothane. On the abscissa are time intervals between

death (t=O) and beginning of homogenization; on the ordi-

nate are concentrations of metabolites in limol/kg of wet

liver. 1, rats killed with carbon monoxide (at the end of

3-hr exposure, the exposure chamber was filled rapidly with

CO containing halothane in concentrations of 0.3Y'. The

rats died within 5 min) 2 and 3, decapitated rats

1 and 2, samples stored in CO; 3, samples stored in air.

Data represents means ± SD; n=4

.7'.

Fig. 3 Simulation model.

Lung compartnment includes FRC, lung tissue and arterial

3 0



blood; vessel-rich compartment (VRG) includes brain, gas-

trointestinal tract, glands, heart, kidneys, and spleen.

MG compartment includes muscle and skin: FG compartment

includes adipose tissue and marrow. Volume of each com-

partment, V, is indicated in the left corner of each com-

partment (in ml); halothane tissue-gas partition coeffici-

ents (37 C), X, are indicated in the right corner r.f the

compartments. Perfusion rates, F, are indicated at the

right below the lines picturing the vasculature (in ml/min);

Valv is alveolar ventilation (ml/min). The arrows indicate

clearances by biodegradation to TFE, DFE, and TFAA. The

constants KM and V were obtained by optimum fit to ex-

perimental data (KM=cl i/ for Vm ).Mli v Ii v/ gas max

Fig. 4 Concentrations of halothane metabolites in liver of rats

exposed to subanesthetic concentrations of halothane.

Metabolite concentrations in liver at the end of 3 hr ex-

posures are on the ordinate. The bars represent means ±

SE in jimol/kg of wet liver ( N_=5) at exposure concentra-

tions indicated on abscissa.

Fig. 5 Amounts of halothane metabolites formed in 200-g rats

during 3 hr exposures to different halothane concentra-

tions; comparison of experim, ntal data and data obtained

by simulation.

The points represent estimated values of metabolites formed

during 3 hr exposures calculated as a sum of body burden

0.



and amount exhaled, using equations 4 and 6. The lines

were obtained by the simulation model. cli v  epresents

halothane concentrations in liver measured at the end of

3 hr exposure (dots) and predicted by the model (line).

Fig. 6 Effect of alveolar ventilation and tissue perfusion on

halothane metabolism (simulation study).

3 hr exposures of 200-g rats to different halothane con-

centrations were simulated by the model in fig. 3. Simu-

lation was done for a rat with standard alveolar ventil-

ation and tissue perfusion (values indicated in fig. 3),

and for a rat for which alveolar ventilation and perfusion

were increased (upper curves) or decreased (lower curves)

by 25S. On the abscissa are exposure concentrations; on

the ordinate are the ratios of amounts of metabolites

formed during 3 hr exposure by a rat with modified para-

meters and by a standard rat. Halothane concentrations

in liver were compared in the same way. The ratios were

always larger than 1 if flows were increased, and always

smaller than 1 if flows were reduced.

Fig. 7 Effect of exposure concentration on ratio of metabolites

formed during 3-hr exposures to halothane.

The points are ratios of amounts of metabolites formed

during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the simulation model.

32



Index Terms

Halothane metabolites distribution in body

Trifluoroacetic acid distribution in body

Flow-limited halothane metabolism

Capacity-limited halothane metabolism

Volatile metabolites of halothane:

CF CHC and FC1
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numbers below gas chromatograms indicate attenuationq.
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Fig. 2 Rate of postmortem metabolism of halothane in liver;

effect of carbon monoxide.

Samples were obtained from rats exposed for 3 hr to 0.3

halothane. On the abscissa are time intervals between

death (t=O) and beginning of homogenization; on the ordi-

nate are concentrations of metabolites in jimol/kg of wet

liver. 1, rats killed with carbon monoxide (at the end of

3-hr exposure, the exposure chamber was filled rapidly with

CO containing halothane in concentrations of 0.3. The

rats died within 5 min); 2 and 3, decapitated rats.

I and 2, samples stored in CO; 3, samples stored in air.

Data represents means _ SD; n=4.
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Fig. 3 Simulation model.

Lung compartment includes FRC, lung tissue and arterial

blood; vessel-rich compartment (VRG) includes brain, gas-

trointestinal tract, glands, heart, kidneys, and spleen.

'4. .

MG compartment includes mus(le and skin: FG compartment

includes adipose tissue and marrow. Volume of each com-

partment, V, is indicated in the left corner of each com-

par'tment (in ml); halothane tissue-gas partition coeffici-

ents (370C), A, are indicated in the right corner of the

compartments. Perfusion rates, F, are indicated at the

right below the lines picturing the vasculature (in ml/min);

VF is alveolar ventilation (ml/min). The arrows indicate

clearances by biodegradation to TFE, DFE, and TFAA. The

constants K and V were obtained by optimum fit to pex-M ~m a x
perimental data K=cite i/hel for n o Vc o
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Fig. 4 Concentrations of halothane metabolites in liver of rats

exposed to subanesthetic concentrations of halothane.

Metabolite concentrations in liver at the end of 3 hr ex-

posures are on the ordinate. The bars represent means _

SE in vmol/kg of wet liver (N=5) at exposure concentra-

tions indicated on abscissa.
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Fig. 5 Amounts of halothane metabolites formed in 200-g rats

during 3 hr exposures to different halothane concentra-

tions; comparison of experimental data and data obtained

by simulation.

The points represent estimated values of metabolites formed

during 3 hr exposures calculated as a sum of body burden

and amount exhaled, using equations 4 and 6. The lines

VOW° were obtained by the simulation model. cli v  represents

halothane concentrations in liver measured at the end of

3 hr exposure (dots) and predicted by the model (line).
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Fig. 6 Effect of alveolar ventilation and tissue perfusion on

.- °.,

halothane metabolism (simulation study).

3 hr exposures of 200-g rats to different halothane con-

.-. centrations were simulated by the model in fig. 3. Simu-

lation was done for a rat with standard alveolar ventil-

ation and tissue perfusion (values indicated in fig. 3),

and for a rat for which alveolar ventilation and perfusion

were increased (upper curves) or decreased (lower curves)

by 25%. On the abscissa are exposure concentrations; on

the ordinate are the ratios of amounts of metabolites

formed during 3 hr exposure by a rat with modified para-

meters and by a standard rat. Halothane concentrations

in liver were compared in the same way. The ratios were

always larger than 1 if flows were increased, and always

smaller than I if flows were reduced.
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Fig. 7 Effect of exposure concentration on ratio of metabolites

formed during 3-hr exposures to halothane.

The points are ratios of amounts of metabolites formed

during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the Simulation model
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ABSTRACT

The effect of exposure concentration on halothane metabolism

was studied in rats exposed to subanesthetic concentrations of

halothane in air. Concentrations of halothane, total non-

volatile fluorine, and volatile metabolites (CF3CH2 CI and

CF2=CHCI) were determined in liver, kidneys, muscles,and brains

excised at the end of a 3-hr exposure. It was observed that

concentrations of all halothane metabolites in tissues rose less

than exposure concentrations, that nonvolatile fluorine was pre-

sent in all tissues in approximately the same concentrations, and

that concentrations of volatile metabolites in liver were much

higher than in any other tissues. A simulation model was used

to support the following conclusions: 1) Metabolism of halothane

by all metabolic pathways is flow-limited at small exposure con-

centrations and is capacity-limited at high exposure concentra-

tions. 2) Volatile metabolites formed in livers are efficiently

removed from circulation by pulmonary clearance, but trifluoro-

acetic acid is accumulated in the body. 3) Halothane is most

susceptible to biodegradation to trifluoroacetic acid, but this

pathway is saturated at very small exposure concentrations. Sus-

ceptibility to biodegradation of volatile metabolites is small,

but the pathways are not saturated even at anesthetic concen-

trations. 4) The contribution of each of the three metabolites

to total metabolic clearance depends on exposure concentrations.

Trifluoroacetic acid was the major metabolite during exposure to

small halothane concentrations;formation of more toxic, volatile
-;.
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metabolites increased during exposure to high concentrations.

Postmortem formation of metabolites was studied in order to

prevent its interference with tissue analyzis. The method for

determination of volatile metabolites is described.
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Metabolism of halothane (CF 3CHClBr) is mediated by microsomal
mixed-function oxidase. After debromination, halothane is either

... oxidized to trifluoroacetic acid, TFAA, (1) or undergoes biodegra-

*- .'dation by the reductive pathway, the products of which are two gases

1,1,1-trifluoro-2-chloroethane, TFE, (2) and 1,1-difluoro-2-chloro-

ethylene, DFE, (2), fluoride (3), and the fluorine-containing

moiety of halothane that is covalently bound to proteins and lipo-

proteins (4-5). Both the reductive and oxidative pathways are

enhanced by phenobarbital pretreatment (6). The reductive path-

way is further enhanced by hypoxic conditions (6-7), or by the

presence of other xenobiotics that suppress the oxidative path-

4. way of halothane (8). Formation of volatile metabolites appears

to be related to impairment of the liver, which is the major site

of halothane metabolism (9-10). Sawyer et al. (11) demonstrated

that hepatic clearance of halothane is concentration-dependent,

and concluded that halothane metabolism is a saturable process.

Capacity-limited metabolism of halothane is corroborated by the

concentration-dependent bromide rise in plasma (12) and by concen-

tration-dependent pulmonary retention of halothane (13). None of-5

these studies (11-13) provide information on the effect of exposure

concentration on the activities of individual metabolic pathways.

The following study was undertaken to determine the effect of

exposure concentrations on systemic clearance of halothane by

5-"
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two major metabolic pathways. Concentration increase of non-

volatile fluorine in the liver of exposed rats was chosen as an

indicator of the efficacy of the oxidative pathway. Concentra-

tions of volatile metabolites (DFE and TFE) were chosen as in-

dicators of the efficacy of the reductive pathway. The study was

performed at relatively small exposure concentrations in order to

avoid changes in pulmonary and cardiovascular functions induced

by analgesic and anesthetic concentrations of halothane (14-15).

In addition, the postmortem formation of volatile metabolites in

liver was studied in order to correct for interference by such

metabolism with the analysis.
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Methods

Chemicals. Halothane was obtained from Ayerst Lab, New York,

N.Y. DFE and TFE were obtained from PCR Research Chemicals,

Gainesville, Fla.

Animals. Sprague-Dawley female rats (about 200 g)were maintained

on a Purina Lab Chow diet and drinking water ad lib. Rats re-

ferred to as pretreated were injected with sodium phenobarbital

five times, 12 hr apart, the last injection taking place 12 hr

prior to the halothane exposure (ip injections, 15 mg/kg). Prior

to exposure, all rats were housed together. All exposures took

place in the morning hours. Control rats and exposed rats were

killed at the same time.

The Exposure Chamber. The rats were exposed in a 20-liter glove

box through which passed the gas mixture at a rate of 2 liters/

min. Compressed air of breathing quality was used as a carrier

gas. The desired exposure concentrations were achieved by in-

jecting liquid halothane at the predetermined rate in the inflow

port of the chamber. A Harvard infusion pump was used for the

injections. The temperature of the injection port was maintained

between 35 and 400 C. To achieve the desired concentration

rapidly, the flow of the air into the chamber during the first

10 min was 5 liters/min,with the infusion rate of the anesthetic

being increased accordingly. The gas mixture in the exposure

chamber was sampled frequently; samples were drawn in 20-ml glass



syringes from two places near the respiratory zone of the

animals. Two rats were usually exposed at the same time. At

the end of the 3 hr exposure, the rats were decapitated inside

the exposure chamber, and selected tissues were rapidly excised

and analyzed. J

Gas Analysis. Halothane in the exposure chamber was determined

by injecting 50 pl of gas samples by use of a Hamilton gas-tight

syringe on the gas-chromatographic column. An F & M model 402

gas chromatograph equipped with a flame-ionization detector and

a 1.8-m-long glass column packed with 10% Carbowax 20M on

Chromosorb W,AW (80-100 mesh) was used. The column temperature

was 65°C.

Tissue Analysis. Total Nonvolatile Fluorine in tissues was de-

termined after combustion of tissue homogenate by use of a spe-

cific fluoride ion electrode. Tissue samples were frozen

immediately after excision and stored in a freezer until analyzed.

In order to determine the total amount of fluorinated metabolites of

halothane, the fluorine concentration determined in the tissue of a

nonexposed control rat was subtracted from the fluorine concen-

tration in the tissue of an exposed rat. Inasmuch as TFAA

accounts for most of the nonvolatile fluorine formed during halo-

thane exposure, fluorine concentrations in the tissues are expressed

in Vmol of TFAA per kg of wet tissue. Normal levels of fluorine P

in tissues (equivalent to about 30 to 60 limol of TFAA per kg) were

8
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the least amount determinable by this method, the error being

Volatile Metabolites in tissues. Determination of volatile sub-

stances was done by gas-chromatographic analysis of the headspace

of the tissue homogenate. A detailed description of the method

follows, because post-mortem metabolism was found to interfere

with analysis.

-.s Equipment. (a) Incubation tubes 14 ml (Kimax or Pyrex),

stoppered with bakelite caps were used. The volume of each tube was

carefully measured by water displacement. A small hole (about

2.0 mm in diameter) was drilled in each cap for withdrawal of the

gas sample. To seal the tissue sample in the tube, the cap was

lined with silicone rubber septa and Saran wrap. To draw the gas

sample, a needle attached to a gas-tight Hamilton syringe was

inserted in the tube via the septum. (b) Multifaced stainless

steel cutters, developed in our laboratory, had the form of two

truncated cones (1 and 2 mm high, respectively) with a common

base (2 mm in diameter). The sharp edge around the common base

was the cutting edge. (c) A Hewlett-Packard gas chromatograph,

model 7610, equipped with a flame-ionization detector and a 1.8-m

glass column packed with n-octane on Porasil C (100-120 mesh) and

heated to 130 C, was used.

94'.-



Standards. To prepare a standard for volatile metabolites, an

exact volume of pure gas was drawn into the glass syringe from

the original container and tra.isferred to an evacuated glass

bottle (approximately 19 liters in volume) equipped with a stop-

cock. Upon opening the stopcock, the content of the syringe was

emptied into the stream of air sucked into the evacuated bottle.

The pressure in the flask was allowed to equilibrate with atmos-

pheric pressure. The concentration in the flask, C (lmol/liter),

was calculated from the volume of gas in the syringe, v, (il)

corrected for actual atmospheric pressure, p, and temperature, t,

and exact volume of the flask, V, (liters) (determined by water

displacement.)

v 1
C_ - v MV (1)

where MVpt is the molar volume at actual atmospheric pressure and

temperature. The standards for halothane were similarly prepared

by injecting a carefully measured volume of liquid halothane, v

(Pl) in a stream of air sucked into the evacuaed flask of known

volume, V, (liters):

v 1000d
C :-- MW (2)

where d is the specific density of liquid halothane and MW is

molecular weight.

The standard mixtures were prepared in concentrations comparable

to concentrations in the head-space of the samples. The linearity

between peak height and concentration was frequently checked by

10
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injecting 50, 100,and 150 lil of the standard on the gas-chromato-

graphic column.

Procedure. Two cutters were placed in an incubation tube, which

was then filled with carbon monoxide, capped, and weighed, W1 .

Approximately 0.5 g of tissue excised from the rat immediately

after decapitation was placed in the tube, which was then immedi-

ately capped. About 2 cm of an 8 cm-long flexible hose was slipped

over the top of the tube. The other end of the hose was attached

by a clamp to a stand, so that the tube stood vertically on the

Vortex mixer. About 5 cm of hose made a flexible connection

between the clamp and the tube. This 'llowed for vigorous vibra-

tion of the tube when the Vortex mixer was started. Unless stated

otherwise, grinding started within 3 min after decapitation.

During 45 min of vibration, the cutters ground the tissues, and

the partial pressures between tissue and gas in the head-space

were equilibrated. Tubes with samples were weighed again after

grinding, W2

Usually, 100 -pl of the gas from the head-space was injected on

the gas-chromatographic column, and the peak height was used to

calculate the concentration of the studied gas in the head-space,

-. C. The concentration in the tissue was calculated:

V
Ct - i (3)t "o - W2-W I  C)t is/ga s

where V is the volume of the head space and X is the appropriate

tissue-gas partition coefficient (table 1). The concentrations

V. V. V.1 1

imt" o q'



are expressed in limol/kg of wet tissue. To determine the sensi-

tivity and accuracy of the method, 50 -p of gas standard (5-200

limol/liter) were injected into a lump of tissue obtained from an

unexposed rat. The gas mixture was introduced in tissues placed

in capped incubation tubes by a needle. The needle was removed

immediately after the injection so that the system was sealed by

-~ the rubber septa. Measurable gas-chromatographic peaks were

obtained if concentrations were greater than 0.3 limol of OFE or

1 ljmol of TFE per kg of tissue. 94 to 100'% of added DFE and TFE

was recovered. The analysis of each tissue of exposed rats was

done in duplicate or triplicate. The differences rarely exceeded

5% of the mean if grinding started within 5 min after decapitation.

An example of a gas chromatogram is in fig. 1.

It is important that livers of rats exposed to halothane are

homogenized in carbon monoxide immediately after decapitation,since

there is significant increase of DFE and TFE concentrations in in-

tact livers stored in air (Fig. 2). Postmortem metabolism is very

slow if livers are stored in carbon monoxide,and is completely

suppressed by grinding (the concentrations in the headspace of

tissue homogenates remained unchanged for three hours).

Tissue-Gas Partition Coefficients. Tissue-gas partition coeffici-

ents of both volatile metabolites were determrined in tissue honia-

genates obtained by grinding tissue from unexposed rat, in a fluall

Kontes homogenizer. One-half gram of tissue homogenized in 1 ml

J 12
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of saline was placed in a gas-tight, 10-ml gas syringe containing

2 ml of carbon monoxide. The syringe was closed with a stopcock.

After 10 min, 2 ml of an equimolar mixture of DFE and TFE (con-

centrations between 10 and 100 ipmol/liter) were added and the

sample was rotated for 60 min on a multipurpose rotator to equili-

brate the partial pressures. The gas volume was measured, and

the concentrations of DFE and TFE in the gas mixture were deter-

mined by gas chromatography. The gas above the sample was quan-

titatively discarded and replaced by 2 ml of uncontaminated air.

Another glass syringe was attached to the other end of the stop-

cock, and both syringes were immersed in a water bath heated to

65 C. The system of two syringes allowed for volume expansion.
After 1 hr, all gas was pushed into the syringe containing no

tissue, the gas volume was measured, and the gas was analyzed for.. -

DFE and TFE. Since only negligible amounts of the gaseous sub-

stances remained in the tissue at 65GC, the tissue concentrations

were calculated by dividing the amounts of DFE and TFE released

from heated samples by the weight of the tissue. Total re-

covery of added amounts of DFE and TFE was between 95 and 105%.

Calculation of partition coefficients included correction for

.4-.' partition in saline. The partition coefficients are in table 1.

-, Simulation of the Experimental Exposures. Uptake, distribution,

and elimination of halothane in a 200-g rat exposed to different

halothane concentrations was simulated by a five-compartmental

physiological model (Fig. 3) (16-18). The constants defining the

compartments in the model are derived from physiological para-

13
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meters (tissue volumes (19), perfusion and alveolar ventilation

of rats (20) ),and solubility of halothane in tissue (solubility

is defined by the appropriate tissue-gas partition coefficient at

37 C (21)). The metabolic pathways are described by three non-

linear functions attached to the liver compartment. Each function

is defined by two constants: KM  s (denote halothane concentrations

in liver compartment, imol/kg). and V 's (ijmol/min). The rate_.... ma x

by which halothane is removed from the liver is described by the

function f(c):

f(c) : C[Vmax(TFAA) + Vmax(DFE) + Kmax(TFE)1 (3)
M(TFAA) KM(DFE)+c MK(TFE ) -

where c denotes actual halothane concentration in liver (limol/kg).

The solution of the model was programmed in Basic for the Apple II

Plus computer (17-18).

The constants KM's and V 's were found by fitting simulation
; max

curves to experimental data. To do this the amounts of metabolites

formed during a 3 hr exposure to different concentrations of halo-

thane were calculated, taking into account body burden as well

as clearance of the metabolites. The body burden of each metabo-

lite, AB was calculated as the sum of the products of metabo-

'.N lite concentrations in tissues and tissue weights, as indicated in

table 3.

A =Z c *w(4)
"' B tis tis" t : s w t i s

The estimate of the amounts of DFE and TFE exhaled during the

exposure was based on the mass balance across the lung:

" *14



inflow - out flow
F cF + V- -ar)

hep (- F) Car t  - rt a 1Valvalv

where F is hepatic flow (=2.5 liters/3 hr), Q is cardiac output,

-ci -Val v  is alveolar ventilation (10 liters/3 hr), Chep' Cart, and

, alv are metabolite concentrations in hepatic venous blood, in

arterial blood, and in alveolar air, respectively. If instantan-

eous partial pressure equilibration is assumed, cart = calvXbl/gas

and chep Cliv/,liv/hl ,where X denotes the appropriate partition

coefficients from table 1. To calculate the amount exhaled, eq-

uation 5 was rearranged as:
..].. F _Val

.-. Aex : = Cl ai aIvc v (6)

(eVh -alv + F bl/gas) Xliv/bl

-.

This indirect method for estimate of exhaled amounts of metabolites

was used, since our attempts to obtain arterial blood or exhaled

air from unanesthetized rats during exposure were unsuccessful.

15
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Results

Distribution of Halothane Metabolites in Tissues. This was studied

in liver, lung, kidney, and brain of 10 rats exposed for 3-hr to

0.3% (v/v) of halothane in air (equivalent to 127 limol/liter).

Five of these rats were pretreated with phenobarbital. The re-

sults are in table 2. Halothane concentrations in all tissues were

smaller than they would be if the partial pressures of halothane in

the tissues were equilibrated with exposure concentrations. Halo-

thane concentrations in tissues of pretreated and nonpretreated

rats were not significantly different. TFAA was also found in all

tissues, but concentrations of TFAA in tissues of pretreated rats

were about double those in tissues of nonpretreated rats. Concen-

trations of volatile metabolites in liver and kidney were signifi-

cantly smaller than those of TFAA or of halothane. Concentrations

of volatile metabolites in other tissues were below the sensitiv-

ity of our method. Phenobarbital pretreatment increased the con-

centrations of DFE in liver threefold. The increase of the con-

centrations of TFE is less than twofold and is statistically in-

significant. The identity of volatile metabolites was confirmed

I
in selected samples by gas chromatography-mass spectrometry

IThe analyses were kindly performed by Dr. Carl D. Pfaffenberger,

professor of chemical epidemiology at the University of Miami,

using a Finigan model 4000 gas chromatography-mass spectrometer.

The component fragments were identified by their mass-to-charge

ratios, as recorded by a light-beam oscilloscope.
16
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Effect of Exposure Concentration on Halothane Metabolism. Forty

rats were pooled in six groups, five rats in each group. The re-

maining ten rats served as controls. Each group was exposed for

'2-. 3hr to one of the following concentrations of halothane: 0.007,

0.009, 0.029, 0.067, 0.16, 0.32% (v/v). These exposure concentrations

are indicated as jimol/liter in table 3. Rats were decapitated

and livers were analyzed for halothane and all metabolites. Samples

*of skeletal muscle, kidney, brain, and lung were analyzed for TFAA.

Concentrations of halothane and metabolites in liver rose with

exposure concentrations (fig. 4). Halothane concentrations in

liver rose faster than exposure concentration, but concentrations

of metabolites rose less than exposure concentration. Distribu-

tion of TFAA in other tissues is shown in table 3.

40
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Discussion

Because of the great concern of the effects of clinical halothane

anesthesia, the biological effect and metabolism of halothane have

been extensively studied in anesthetized subjects. Despite the fact

that chronic exposure to subanesthetic concentrations of halothane

is considered an occupational risk, there is no information on

metabolism of halothane inhaled at subanesthetic concentrations.

Also, information on distribution of halothane metabolites in the

body is missing. This study, in which a wide range of exposure

concentrations was used, shows 1) that the three excretable meta-

bolites of halothane are always formed, but that the efficacies

of metabolic pathways are concentration dependent; 2) that the dis-

tribution of halothane metabolites in tissues of rats exposed to

subanesthetic concentrations of halothane follows two patterns.

The difference in distribution between TFAA and volatile metabo-

lites can be explained by the differences in the efficacy of

systemic clearance: TFAA is excreted only by inefficient renal

clearance, and therefore accumulates in all tissues; volatile

metabolites, formed only in the liver, are removed from circu-

lation by efficient pulmonary clearance before reaching other

tissues. Rapid leveling of metabolites in exhaled air of sub-

jects anesthetized with halothane (2,7) suggests that, within 30

min of exposure, a steady state is approached in which each

volatile metabolite is formed and exhaled at the same rate.

Concentrations of halothane and halothane metabolites in liver

at the end of 3-hr exposures indicated a nonlinear dependence of

halothane metabolism on exposure concentrations. The

18



calculated amounts of metabolites formed during 3 hr exposures,

and halothane concentrations in liver measured at the end of the

exposures, did not fit a Lineweaver-Burk plot. The deviation

from Michaelis-Menten kinetics can be explained by flow restric-

tions induced by alveolar ventilation, tissue perfusionand sol-

ubility which results in the competition of metabolic pathways

for halothane available at the metabolic site. To test this

hypothesis, we simulated our experiments by a pharmacokinetic

model described in fig. 3. A good agreement between simulation

and experimental data is shown in fig. 5. The simulations were

repeated for flows (that is, alveolar ventilation and tissue

perfusion) increased by 25 ' above normal and for flows decreased

by 25% below normal (fig. 6). These simulations confirm that

metabolite production increased with flow and decreased if venti-

lation and perfusion were reduced. The flow effect is greater

at small concentrations (below 0.4 ), when metabolism is of first

order, than at high exposure concentrations, when metabolism is

capacity-limited and excessive amounts of halothane are supplied

to metabolic sites.

The simulation also shows thatas a result of flow limitation
-;..

and large differences in values of KM  and Vmax among particular

metabolites, the relative amounts of metabolites formed during the

exposure is dependent on exposure concentration (fig. 7). Again.

the ratios of metabolites largely change at small exposure concen-

trations, when metabolism is flow-limited, and become constant if

anesthetic concentrations are used.
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.. , The precise mechanism of halothane reduction by cytochrom P-450

is not clear, but a single free radical intermediate was proposed

(22). To explain the dependence of metabolite ratios on exposure

concentration, the constants KM and Vmax used in the model can not

be understood as simple kinetic constants descriting enzymatic

reactions in pristine system of purified enzyme. The constants
p-

KM and V used in the model are hybrid constants of a capacity-,.. max

limited system which embrace interactions acting in living organ-

isms (23). They are used in a sense of constants describing a

mathematical entity rather than kinetic constant of an

enzymatic reaction. Since ratios of halothane metabolites depend

on halothane concentrations in liver, there are two plausible pos-

tulates: 1) formation of the radical is the rate limiting step

and the metabolic pathways enabling oxidation or reduction of the

intermediate to stable metabolites compete for the available inter-

". mediate, or 2) some stable metabolite is further metabolized.

Metabolism of DFE was suggested (6). If DFE metabolism is rate-

limited, then shifting of TFE/DFE ratio with exposure concentra-
.- '

tion as shown in figure 5 is understandable. Further studies of

the mechanism of halothane metabolism are required to clarify the4.1

S." concentration dependence of metabolic clearances.

While testing the reproducibility of our method, we observed

that concentrations of volatile metabolites in liver increase,

and halothane concentrations decrease, with the delay of analysis

(fig. 2). We attributed these changes to postmortem metaholism of

halothane in intact liver. The extent of postmortem metabolism

varied from rat to rat. In some livers it was measurable f r
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only 3 hr, in other livers for more than 24 hr. We did not

*observe any postmortem changes in concentrations of TFAA. However,

the possibility exists that small changes take place which do nut

significantly interfere with determination.

Maiorino et al. (24) published a similar method for determination

of volatile metabolites in blood and tissue homogenates. Their

method, and the method described above, are based on the same prin-

ciple. We see three improvements in our method: 1) precautions

are taken to avoid postmortem metabolism; 2) correction for parti-

tioning of DFE and TFE between biological samples and gas in the

headspace is made (this is especially important when fatty tissues

are analyzed); 3) specially designed cutters enable tissue analysis

in a closed system so that the recovery of DFE and TFE is quanti-

tative.
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TABLE 1

Tissue-gas partition coefficients of halothane metabolites (220C)

CF 2=CHC1 C F3 CH2C1

NTissue X± SD N X SD

Blood 4 0.87 ± 0.25 4 1. 52 ± 0.32

Liver 5 1.14 ± 0.23 8 2.31 ± 0.37

_ Kidney 7 0.97 ± 0.40 7 2.07 ± 0.77

Lung 4 1.04 ± 0.39 8 2.20 ± 0.49

Brain 6 1.07 ± 0.31 8 1.79 ± 0.45

Fat 5 19.80 ± 3.64 5 34.20 ± 6.53

Saline 10 0.54 ± 0.03 12 1.21 ± 0.04

~.. ."
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TABLE 2

Distribution of halothane metabolites in tissues of rats exposed for 3 hours

to 127 jimol of halothane per liter

Concentrations of halothane and its metabolites in tissues of control rats

and rats pretreated with phenobarbital are expressed in jimol/kg of wet tissue

Data represent means ± SD; N 5

Concentrations in tissues jimol/kg
Tissues

CF2 CHC1 CF3 CH2 Cl CF3 COOH Halothane

Nonpretreated rats

Liver 6.7 ± 2.9 49 ± 22 456 ± 113 587 ± 98

Kidney 0.35 ± 0.11 1.8 ± 0.9 282 ± 43 314 ± 60

Lung <0.3 <1.0 233 ± 22 373 ± 120

Brain <0.3 <1.0 152 ± 44 450 ± 72

Pretreated rats

Liver 18.7 ± 7 .9a 68.3 ± 32 995 ± 306a  511 ± 155

Kidney 0.33 ± 0.15 1.4 ± 0.7 492 ± 156' 335 ± 110

Lung <0.3 <1.0 469 ± 156a 252 ± 100

a 32Brain <0.3 <1.0 254 ± 57 ±325 60

aA significant nonpretreated-pretreated difference p < 0.05, t-test
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TABLE 3

Distribution of trifluoroacetic acid in tissues of rats exposed for 3 hours

to subanesthetic concentrations of halothane

- Data represent means ± SD; N=5

"S'," Exposure Concentration in pmol/liter
Organ

Weight a  2 9 3.7 11.7 27.3 67.3 133

kg Trifluoroacetic acid conc. in wet tissues vmol/kg

Brain 0.0014 149± 94± 130± 108± 142± 120±B 49 18 27 21 27 31

190± 140± 210± 201± 226± 250±'. Kidney 0.0016Kde 0.0626 10 30 38 32 34

Liver 0.008 288± 247± 357± 400± 384± 400±
-"_"_ 35 22 42 37 41 41

" 75± 135± 177± 153± 190± 180±Lung 0.0012 21 20 26 41 16 31

72± 80± 100± 119± 114± 120±
Msl 01417 21 27 31 25 36

aThe organ weights for a 200g rat (19).
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Legend to figures

Fig. I Example of determination of halothane and volatile

metabolites in tissues.

Tissue samples were excised from a rat anesthetized for

2 hr with halothane (1* in air = 410 11mol/liter). The

arrows indicate injection of 50 ul of sample. The com-

pounds were eluted from the column in the following order:

DFE, TFE, halothane. The numbers at the peaks indicate

concentrations of Umol/kg of wet tissue. The peaks of
.

DFE in lung, muscle, and brain were not measurable. The

numbers below gas chromatograms indicate attenuations.

Fig. 2 Rate of postmortem metabolism of halothane in liver;

effect of carbon monoxide.

Samples were obtained from rats exposed for 3 hr to 0.3'

halothane. On the abscissa are time intervals between

death (t=O) and beginning of homogenization; on the ordi-

nate are concentrations of metabolites in limol/kg of wet

liver. 1, rats killed with carbon monoxide (at the end of

3-hr exposure, the exposure chamber was filled rapidly with

CO containing halothane in concentrations of 0.3!. The

rats died within 5 min); 2 and 3, decapitated rats.

1 and 2, samples stored in CO; 3, samples stored in air.

Data represents means ± SD; n=4.

Fig. 3 Simulation model.

Lung compartment includes FRC, lung tissue and arterial
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blood; vessel-rich compartment (VRG) includes brain, gas-

trointestinal tract, glands, heart, kidneys, and spleen.

MG compartment includes muscle and skin: FG compartment

includes adipose tissue and marrow. Volume of each com-

partment, V, is indicated in the left corner of each com-

partment (in ml); halothane tissue-gas partition coeffici-

ents (37°C), X, are indicated in the right corner of the

compartments. Perfusion rates, F, are indicated at the

right below the lines picturing the vasculature (in ml/min);

Valv is alveolar ventilation (ml/min). The arrows indicate

clearances by biodegradation to TFE, DFE, and TFAA. The

constants KM and Vmax were obtained by optimum fit to ex-

perimental data (KM=Cliv/Xliv/gas for Vmax).

Fig. 4 Concentrations of halothane metabolites in liver of rats

exposed to subanesthetic concentrations of halothane.

Metabolite concentrations in liver at the end of 3 hr ex-

.posures are on the ordinate. The bars represent means ±

SE in jjmol/kg of wet liver ( N=5) at exposure concentra-

tions indicated on abscissa.

Fig. 5 Amounts of halothane metabolites formed in 200-g rats

during 3 hr exposures to different halothane concentra-

tions; comparison of experimental data and data obtained

by simulation.

The points represent estimated values of metabolites formed

during 3 hr exposures calculated as a sum of body burden



and amount exhaled,using equations 4 and 6. The lines

were obtained by the simulation model. c represents

halothane concentrations in liver measured at the end of

3 hr exposure (dots) and predicted by the model (line).

Fig. 6 Effect of alveolar ventilation and tissue perfusion on

halothane metabolism (simulation study).

3 hr exposures of 200-g rats to different halothane con-

centrations were simulated by the model in fig. 3. Simu-

lation was done for a rat with standard alveolar ventil-

ation and tissue perfusion (values indicated in fig. 3),

and for a rat for which alveolar ventilation and perfusion

were increased (upper curves) or decreased (lower curves)

by 25%. On the abscissa are exposure concentrations; on

the ordinate are the ratios of amounts of metabolites

formed during 3 hr exposure by a rat with modified para-

meters and by a standard rat. Halothane concentrations

in liver were compared in the same way. The ratios were

always larger than 1 if flows were increased, and always

smaller than 1 if flows were reduced.

Fig. 7 Effect of exposure concentration on ratio of metabolites

formed during 3-hr exposures to halothane.

The points are ratios of amounts of metabolites formed

during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the simulation model.
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Index Terms

Halothane metabolites distribution in body

Trifluoroacetic acid distribution in body

Flow-limited halothane metabolism

Capacity-limited halothane metabolism

Volatile metabolites of halothane:

CF3 CH 2C1 and CF2=CHC1
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F ig . Example of determination of halothane and volatile metabo-

...

..-. lites in tissues.
Tissue samples were excised from a rat anesthetized for
2 hr with hlothane (1% in air = 410 -Jmol/liter). The

arrows indicate injection of 50 lil of sampl e. The com-

I pounds were eluted from the column in the following order:

DFE, TFE, halothane. The numbers at the peaks indicate

concentrations of l 4mol/kg of wet tissue. The peaks of

DFE in lung, muscle, and brain were not measurable. The

numbers below gas chromatograms indicate attenuations.
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Fig. 2 Rate of postmortem ,,tabolism of halothane in lie;

effect of carbon monoxide.

- Samples were obtained from rats exposed for 3 hr to 0.30

halothane. On the abscissa are time intervals between

death (t=O) and beginning of homogenization; on the ordi-

* nate are concentrations of metabolites in ~Imol/kg of wet

liver. 1, rats killed with carbon monoxide (at the end of

-I"

* 3-hr exposure, the exposure chamber was filled r. pidly with

CO containing i.lothane in concentrations of 0.3 • The

rats died within 5 min); 2 and 3, decapitated rats.

and 2, samples stored in CO; 3, samples stored in air.

Data represents means +_ SD. n=4.
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Fig. 3 Simulation model.

..9. Lung compartment includes FRC, lung tissue and arterial

blood; vessel-rich compartment (VRG) includes brain, gas-

trointestinal tract, glands, heart, kidneys, and spleen.

MG compartment includes muscle and skin: FG compartment

includes adipose tissue and marrow. Vo'ume of each corn-

partment, V, is indicated in the left corner of each com-

partment (in ml); halothane tissue-gas partition coeffici-

ents (37°C), X, are indicated in the right corner of the

compartments. Perfusion rates, F, are indicated at the

right below the lines picturing the vasculature (in ml/min);

-alv is alveolar ventilation ( /min). The arrows indicate

clearances by biodegradation to TFE, DFE, and TFAA. The

constants KM and Vma x  were obtained by optimum fit to ex-

perimental data (KM=Cliv/X liv/qas for V ma x
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F ig. 4 Concentrations of halothane metabolites in liver of rats

exposed to subanesthetic concentrations of hal othane.

Metabolite concentrations in liver at the end of 3 hr ex-

posures are on the ordinate. The bars represent means+

SE in pmol/kg of wet liver (N=5) at exposure concentra-

tions indicated on abscissa.
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Fig. 5 Amounts of halothane metabolites formed in 200-g rats

during 3 hr exposures to different halothane concentra-

tions; comparison of experimental data and data obtained

by simulation.

The points represent estimated values of metabolites formed

during 3 hr exposures calculated as a sum of body burden

and amount exhaled, using equations 4 and 6. The lines

-- , were obtained by the simulation model. cli v  represents

halothane concentrations in liver measured at the end of

3 hr exposure (dots) and predicted by the model (line).
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Fig. 6 Effect of alveolar ventilation and tissue perfusion on

halothane metabolism (simulation study).

3 hr exposures of 200-g rats to different halothane con-

centrations were simulated by the model in fig. 3. Simu-

lation was done for a rat with standard alveolar ventil-

ation and tissue perfusion (values indicated in fig. 3),

and for a rat for which alveolar ventilation and perfusion

were increased (upper curves) or decreased (lower curves)

by 25%. On the abscissa are exposure concentrations; on

the ordinate are the ratios of amounts of metabolites

formed during 3 hr exposure by a rat with modified para-

meters and by a standard rat. Halothane concentrations

in liver were compared in the same way. The ratios were

-- always larger than 1 if flows were increased, and always

smaller than 1 if flows were reduced.
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Fig. 7 Effect of exposure concentration on ratio of metabolites

formed during 3-hr exposures to halothane.

The points are ratios of amounts of metabolites formed

during 3 hr exposures to concentrations indicated on the

abscissa. The lines were obtained by the simulation model.
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